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Abstract: Real-time reconstruction of full field structural displacements, strains, and stresses by 
using surface strain measurements obtained from on-board strain sensors is commonly referred 
to as shape- and stress-sensing. For this purpose, a computationally accurate, robust, and rapid 
algorithm named as inverse Finite Element Method (iFEM) was recently developed. The main 
goal of this study is to perform displacement and stress monitoring of a typical chemical tanker 
mid-ship based on iFEM methodology. The numerical implementation of the iFEM algorithm is 
done by considering four-node inverse quadrilateral shell (iQS4) element. In order to 
demonstrate the capability of the current approach, a long barge that has a cross-section identical 
to a typical chemical tanker is modelled with iQS4 elements. Then, hydrodynamic loads of the 
barge for a certain frequency of waves are calculated by using in-house hydrodynamic software. 
Then, these forces are applied to a FEM model of barge and structural response is computed by 
using in-house finite element software. The results obtained from FEM analysis is utilized as a 
source to simulate in-situ strain data used in iFEM analysis as input. Finally, iFEM and FEM 
displacements are compared and the effects of locations and number of sensors on iFEM solution 
accuracy are discussed.  
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1. Introduction 
A catastrophic failure and sinking of ships result in crucial financial losses, human life loses, 
and pollution of marine environment. Harsh marine environment together with strong weather 
conditions are very likely to cause structural damages on ship structures because ships are 
exposed to long-term cyclic loadings coming from continuous sea waves as well as short-term 
extreme loadings such as rogue waves, rainstorms, strong gales, seaquakes etc. Moreover, 
contact between sea water and material of ships (high strength steel in most cases) causes fast 
corrosion, erosion and hence thickness reduction. This phenomenon triggers initiation of damage 
growth and increases the size of an existing damage. Hence, a catastrophic failure of ships might 
be unavoidable, unless an appropriate on-site assessment of structural integrity is accomplished. 
Structural Health Monitoring (SHM) is a multidisciplinary technology area that addresses these 
problems through providing reliable real-time information from a structure about its global or 
local structural condition by integration of sensing systems on the structure. In other words, 
prevention of aforementioned serious damage cases and detailed structural management 
including inspection and maintenance plans can be achieved by performing an accurate SHM.  
Dynamically tracking the three dimensional displacement and stress fields of a structure by 
utilizing a network of in-situ strain sensors and measured strains, generally known as shape- and 
stress-sensing, is a fundamental technology for SHM procedure. Since SHM systems potentially 
allow marine industry to increase both human and environmental safety in conjunction with 
reduction of maintenance costs, different monitoring schemes have been used for numerous 
years on different types of vessels. A typical hull structure monitoring system configuration for 
bulk carrier or tanker is proposed by LR (2004). The requirements that hull monitoring systems 
must meet are regulated by class societies such as ABS (1995) and DNV (2011). These rules 
specify the configuration and types of sensors to be used, as well as measurement accuracy, data 
storage and data analysis. However, these guidelines provide only a global outline on how data 
processing should take place and there has been little change in this basic configuration since 
IMO originally introduced requirements in 1994.  
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Apart from regulations defined by several class societies and IMO regarding hull structural 
monitoring, SHM of ships is considered as an important area of study by many researchers. 
Phelps and Morris (2013) provided a general review of the technical aspects of available hull 
structural monitoring systems with consideration of the differences between installations on navy 
ships as compared to commercial ships. Van der Cammen (2008) indicated hull structural 
monitoring systems that may be used for the assessment of motions and extreme events such as 
slamming stress and fatigue. Torkildsen (2005) stated an outline of a ship hull health monitoring 
installed on the Royal Norwegian. Their existing SHM system consists of a network of fibre-
optic sensors to measure strain and temperature, X-band wave radar to estimate wave height and 
direction measurements, and a microwave altimeter mounted in the bow to measure the 
oncoming wave profile. Andersson et al. (2011) proposed a hull condition monitoring system for 
damage monitoring of ships which are made of fibre reinforced plastics. Their technique uses 
acoustic vibrations that exist in the hull structure and on-board sensors data as input. When a 
sensor is close to a damaged part of the hull, specific indications will be detected by the damage 
indication algorithm. Sielski (2012) experimentally monitored fatigue crack initiation and 
propagation of aluminium ship structures by using a ship structural reliability program including 
a SHM tool as a part. Their global method requires modal analysis and local method is 
dependent on the relation between lamb wave propagation and sensor diagnostics. Zhu and 
Frangopol (2013) used SHM data obtained from sensors to improve the accuracy and 
redundancy of reliability assessment of the ship cross-sections. Prior load effects are updated 
according to SHM data related to the wave-induced load by using Bayesian updating method. 
This study concluded that integration of the SHM data can considerably decrease the uncertainty 
in a distribution parameter, and hence updated performance indicators come closer to correct 
values. Hageman et al. (2013) developed a hull fatigue monitoring system for Floating 
Production Storage and Offloading (FPSO) vessels. Their fatigue prediction technique was 
developed based on Bayesian Statistics. Also, their system assesses the fatigue consumption 
from environmental conditions and measured strains separately, and compares with design 
fatigue consumption in order to define conclusions on performance of hull structure. Majewska 
et al. (2014) presented an experimental approach for SHM of sailing ships by using Fibre Bragg 
Grating (FBG) sensors. They installed FBG sensors grid to the foremast of a sailing ship in order 
to determine the strain/stress level of the foremast during different ship operations. Nichols et al. 
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(2014) described the structured decision making (SDM) process for using available information 
(loading data, model output, etc.) and producing a plan of action for maintaining the structure. 
Their example shows that SDM minimizes both transit time and probability of failure through a 
user-defined cost function. However, developing this approach requires models that describe the 
loading data, predict the structural response to the load, and forecast accumulated damage. 
Most of the aforementioned SHM approaches GRQ¶W take into account the advanced structural 
topologies and boundary conditions. Moreover, they mostly require sufficiently accurate loading 
information even though it is not easy to estimate dynamic loads of waves and winds due to the 
complexity and statistical feature of oceanographic phenomena. Furthermore, some of them are 
not appropriate for use in real-time due to the time-consuming analysis. A novel shape- and 
stress-sensing algorithm named as inverse Finite Element Method (iFEM) was developed by 
Tessler and Spangler (2003, 2005) at NASA Langley Research Centre. iFEM algorithm 
reconstructs the structural deformations, strains and stresses by utilizing the strain data obtained 
from a network of on-board strain sensors located at various sites of a structure. iFEM 
methodology is based upon the minimization of a weighted-least-square functional. In other 
words, the formulation involves the entire structural geometry that is discretized by using 
suitable inverse finite elements in which the measured strain data are adapted to the element 
strains in a least-square sense. Unlike other developed SHM methods, iFEM methodology 
possesses a general applicability to complex structures subjected to complicated boundary 
conditions in real-time (Tessler and Spangler 2005). Since only on-board strain measurements 
are used as input to the iFEM formulation, accurate structural deformed shapes of engineering 
structures that are under any type of static and/or dynamic loadings can be obtained without prior 
knowledge of material properties. Once the structural deformed shape is reconstructed, the full 
field strains can be calculated by utilizing the displacements. Then, the three-dimensional stress 
state of the structure can be evaluated from the full field strains and the material properties of the 
structure. Finally, three-dimensional stresses can be adapted to an equivalent stress by means of 
an appropriate failure criterion which can enable real-time damage prediction.  
iFEM framework has already shown to be precise, powerful and sufficiently fast for real-time 
applications (Gherlone et al. 2012, 2014). iFEM formulation is applicable to monitor thin and 
moderately thick beam, plate and shell structures because inverse beam, frame, or plate and shell 
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finite elements can be simply used for discretization of the physical domain. Cerracchio et al. 
(2010) and Gherlone et al. (2011, 2012, 2014) developed a robust inverse-frame finite element 
by adopting kinematic assumptions of Timoshenko beam theory including stretching, bending, 
transverse shear and torsion deformation modes. The capability of their inverse-frame element is 
numerically and experimentally verified for shape-sensing of three-dimensional frame structures 
undergoing static and/or damped harmonic excitations. Furthermore, Tessler and Spangler (2003, 
2004) focused on the inverse problem of reconstructing the three-dimensional displacements in 
plate and shell structures from strain sensor measurements. Based upon first-order shear 
deformation theory, Tessler and Spangler (2004) developed a three-node inverse shell element 
(iMIN3) by using lowest-order anisoparametric C0 ± continuous functions, i.e., linear in-plane 
displacements and bending rotations, and a constrained type quadratic deflection. The precision 
of iMIN3 element was also confirmed by using experimentally measured-strain data (Quach et 
al. 2005, Vazquez et al. 2005). Moreover, Tessler et al. (2012) recently improved iMIN3 element 
formulation to reconstruct deformed shape of plate and shell structures undergoing large 
displacements. Furthermore, Cerracchio et al. (2013, 2015) enhanced the Tessler and Spangler 
(2003, 2005) iFEM formulation for shape- and stress-sensing of multi-layered composite and 
sandwich structures. They reformulated the original plate/shell iFEM formulation to include the 
kinematic assumptions of recently developed Refined Zigzag Theory by Tessler et al. (2009, 
2010). However, all proposed iFEM formulations as a numerical or experimental application on 
engineering structures have been limited to the SHM of aerospace vehicles (Tessler et al. 2011, 
Gherlone et al. 2013).  
The main and novel aim of this work is to apply iFEM methodology for shape- and stress-
sensing of a chemical tanker for the first time in the literature. First, a four-node inverse 
quadrilateral shell (iQS4) element formulation is presented under the assumptions of 0LQGOLQ¶V
first-order plate theory. Then, as a practical application to marine structures, a long barge that has 
a cross-section similar to a typical chemical tanker is considered and analysed based on the 
presented iFEM algorithm. In order to make the application more realistic, a hydrodynamic 
model of the barge is performed by using the hull form (panels) as well as its wetted surface 
properties and wave properties such as height, angle, and frequency as input. As an output, 
hydrodynamic ship loading and rigid body motion of the barge are obtained. Then, finite element 
analysis of the model is performed by using the loading calculated from hydrodynamic analysis. 
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The strain output of finite element model is used to represent WKH µH[SHULPHQWDO¶ VWUDLQ
measurements (i.e., in-situ strain data or simulated sensor-strain). Finally, the iFEM model is 
performed for displacement and stress monitoring of the chemical tanker cross-section by 
utilizing the simulated strain data obtained from various locations of the structure. Finally, the 
effects of sensor positions and number of sensors on iFEM solution accuracy are discussed. 
 
2. Inverse finite element formulation for shells 
2.1. Inverse quadrilateral shell element 
A four-node inverse quadrilateral shell (iQS4) element is used to demonstrate the iFEM 
formulation. In order to define the local element functions, a local coordinate system xyz is 
located with reference to iQS4 element and global Cartesian coordinate system XYZ as shown in 
Figure 1a. The iQS4 element has six degrees-of-freedom (DOF) per node, as shown in Figure 1b, 
and they consist of translations iu  , iv , and, iw as well as rotations xiT , yiT , and ziT . 
 
 
 
Figure 1 (a) iQS4 element showing global and local coordinate systems. (b) Nodal DOF in the 
local coordinate system xyz. 
 
The origin of xyz system LVSRVLWLRQHGDWWKHFHQWURLGRIHOHPHQW¶VPLG-plane quadrilateral along 
uniform shell thickness > @,z t t   . When assembling the elements, transformation of nodal 
DOF from the local to global coordinate system can easily be done by utilizing global XYZ 
coordinates of nodes. The iQS4 element formulation is derived by first writing membrane and 
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bending stiffness matrices separately and finally adding them together. This procedure is a 
common and sufficiently accurate way to obtain the element formulation. Three components of 
the displacement vector of the element are described according to the assumptions of 0LQGOLQ¶V
first-order plate theory. The strain±displacement relations of linear elasticity theory are derived 
by calculating the relevant derivatives of the three components of the displacement vector. For 
brevity, these relations can be written in compact vector forms by utilizing nodal displacement 
vector of iQS4 element eu  and derivatives of shape functions mB , kB , sB as 
( ) ( )
xx
e e m e k e
yy
xy
z z
H
H
J
­ ½° ° {   ® ¾° °¯ ¿
e u k u B u B u  (1a) 
and 
( )xz e s e
yz
J
J
­ ½ {  ® ¾¯ ¿
g u B u  (1b) 
where 
1 2 3 4
T
e e e e eª º ¬ ¼u u u u u  (1c) 
and 
with ( 1,2,3,4)Tei i i i xi yi ziu v w iT T Tª º  ¬ ¼u  (1d) 
The interpolation functions (or shape functions) used to describe membrane, bending 
curvatures, and transverse shear actions of iQS4 element are analogous to four-node flat shell 
element described by Cook (1994) and MIN4 (Mindlin-type, four-nodes) element provided by 
Tessler and Hughes (1983). Herein, shape functions of the deflection variables are derived from 
biquadratic serendipity interpolation, whereas the normal rotations are interpolated by using 
standard bilinear functions. Using these interpolation functions for the kinematic field of the 
iQS4 element leads to C0 continuity, thus ensuring the element interior and edge interface 
continuities. 
The membrane strains ( )ee u  are associated with the stretching of the middle surface. 
Therefore, mB  matrix stands for the derivatives of the shape functions associated with the 
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membrane behaviour. Furthermore, ( )ek u  and ( )eg u are the bending curvatures and the 
transverse shear strains, respectively. Hence, kB  and sB  matrices are the corresponding 
derivatives of shape functions used to define bending behaviour of the element. The explicit 
forms of the mB , kB , and sB  matrices as well as the interpolation functions of iQS4 element are 
given in Appendix A. It is important to mention that 
zzH  has no role in the internal work due to 
the plane stress assumption 0zzV  . 
 
2.2. Input data from in-situ strain sensors 
Discrete in-situ strain measures obtained from the sensors placed on-board structure are 
fundamental input of the iFEM methodology. Conventional strain rosettes or embedded fiber-
optic sensor networks including Fibre Bragg Grating (FBG) sensors and Sensing Fiber Optic 
Cables are promising technology to collect large amount of on-board strain data. Fibre-optic 
systems potentially offer a number of advantages for marine structure installations as they are 
lightweight, high speed, and not affected by electromagnetic interference and they require no re-
calibration once installed. Figure 2 illustrates the positions of the in-situ strain rosettes on an 
iQS4 element¶V surfaces for computing the reference plane strains and curvatures.  
 
 
 
Figure 2 Discrete surface strains measured at location ix  from strain rosettes instrumented on top 
and bottom of iQS4 elements. 
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Tessler and Spangler (2005) indicated that the reference plane strains iHe  and curvatures iHk  can 
be calculated by using the surface strains measured at n  discrete locations ( , , )i i ix y t rx  
( 1,..., )i n  as  
1
with ( 1, )
2
xx xx
i yy yy
xy xy i
i nH
H H
H H
J J
 
 
 
­ ½° °   ® ¾° °¯ ¿
e  (2a) 
1
with ( 1, )
2
xx xx
i yy yy
xy xy i
i n
t
H
H H
H H
J J
 
 
 
­ ½° °   ® ¾° °¯ ¿
k  (2b) 
In Eqs. (2), the measured surface strains are denoted as ( , , )xx yy xy iH H J    and ( , , )xx yy xy iH H J    where 
VXSHUVFULSWV µ¶ DQG µ±¶ UHSUHVHQW WKH WRS DQG ERWWRP VXUIDFH ORFDWLRQV DQG the following 
notation is used    
ii  x  x x x . In fact, the reference plane strains iHe  and curvatures iHk are 
associated with the membrane strains ( )e ue  and bending curvatures ( )k ue  described in Eq. (1a). 
In the deformation of thin shells, contributions of iHg  are much smaller compared to the bending 
curvatures i
Hk . Since most of the marine structures are suitable to be modelled by using thin 
shells, the iHg  contributions can be safely omitted. 
 
2.3. Weighted least-squares functional of inverse finite element method 
By taking into account the membrane, bending and transverse shear deformations of the 
individual element, the inverse finite element method reconstructs the deformed shape by 
minimizing an element functional, namely a weighted least-squares functional ( )ee) u   
2 2 2( ) ( ) ( ) ( )e e e ee e k gw w wH H H)      u e u e k u k g u g  (3a) 
with respect to the unknown displacement DOF (Tessler and Spangler 2005). The squared norms 
expressed in Eq. (3a) can be written in the form of the normalized Euclidean norms as 
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22
1
1( ) ( )
e
n
e e
i i
iA
dxdy
n
H H
 
  ¦³³e u e e u e  (3b) 
   2 22
1
2( ) ( )
e
n
e e
i i
iA
t
dxdy
n
H H
 
  ¦³³k u k k u k  (3c) 
 22
1
1( ) ( )
e
n
e e
i i
iA
dxdy
n
H H
 
  ¦³³g u g g u g  (3d) 
where eA  represents the area of the element. During the implementation of the iQS4 element, all 
the integrations given in Eqs. (3b-3d) are carried out via four-point Gaussian quadrature for a 
constant thickness element. The weighting constants 
ew , kw , and gw  in Eq. (3a) are positive 
valued and stand for individual section strains. They control the complete coherence between 
theoretical strain components and their experimentally measured values.  
If all in-situ strains iHe , iHk , and iHg  are known by utilizing the measured surface strains 
collected from on-board strain sensors, the weighting constants are 1e k gw w w    for the 
squared norms given in Eqs. (3b-3d). However, for any case of missing in-situ strain component, 
the corresponding weighting constants can be adjusted to a small positive coefficient such as 
410D   (Tessler et al., 2011). Moreover, for thin shells, the weighting constant gw  can be set as 
410gw D   , whereas the remaining weighting constants can be specified as 1e kw w   
because the displacements due to the transverse shear strains iHg  are much smaller compared to 
bending curvatures iHk . This adjustment of weighting constants ensures satisfactory 
regularization of Eq. (3a) and provides accurate solutions for thin shells. 
If none of the aforementioned strain sensors is placed to an inverse element, the element is 
missing all of the in-situ strain components iHe , iHk , and iHg , so it is called µVWUDLQOHVV LQYHUVH
HOHPHQW¶. In order to ensure the satisfactory regularization of iFEM model, all of the weighting 
coefficients should be adjusted to a small positive coefficient 410e k gw w w D      for a 
strainless inverse element. Hence, the necessary interpolation functional connectivity can be 
established between the elements that have strain-sensor data, even if the iFEM model has very 
sparse measured strain data. Note that increasing the number of strainless inverse elements may 
decrease the accuracy of the solution.  
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By virtue of these assumptions, all strain compatibility relations are explicitly satisfied so that 
Eq. (3a) can be minimized with respect to nodal displacement vector as  
( ) 0
e
e e ee
e
w)    w
u k u f
u
 (4a) 
After the minimization, the resulting element matrix equation is obtained as 
e e e k u f
 (4b) 
where ek  is the element left-hand-side matrix, ef  is the element right-hand-side vector that is a 
function of the measured strain values, and eu  is the nodal displacement vector of the element. 
Once the local matrix equations are defined, the element contributions to the global linear 
equation system of the discretized structure can be obtained as 
 KU F  (4c) 
where K  is independent of the measured strain values, U  is the global nodal displacement 
vector, and F  is the global function of the measured strain values. Although the global left-hand-
side matrix K  includes the rigid body motion mode of the discretized structure, it can be 
reduced to a positive definite matrix by prescribing problem-specific displacement constraints. 
Since K  remains unchanged for a given distribution of strain sensors, it needs to be inverted 
only once during monitoring process. As a result, solution of this equation system can be done 
very rapidly. On the other hand, the right-hand-side vector F  needs to be updated during the 
monitoring process because it is dependent on the discrete surface strain data obtained from in-
situ strain sensors. Finally, the matrix±vector multiplication 1K F  gives rise to the unknown 
DOF vector U , which provides the deformed structural shape at any real-time. 
Once the primary unknowns, namely nodal displacements, are calculated at any real-time, the 
strains at any point in an iQS4 element can also be calculated at any real-time by using the 
derivatives of shape functions. After determining the real-time strains, real-time stresses can be 
obtained by using constitutive equations. Bhatti (2006) described direct finite element method 
stress calculations and proposed several techniques including interpolation-extrapolation of 
stresses, and average nodal stresses in order to calculate element stresses more precisely. Since 
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the presented iFEM formulation inherits standard displacement-based formulation, the stress 
calculation methods proposed by Bhatti (2006) can be directly followed.  
 
3. iFEM analysis of a chemical tanker cross-section 
A typical chemical tanker cross-section as well as its structural components is presented in 
Figure 3 (Dokkum, 2003). A long barge that has a very similar cross-section to this typical 
chemical tanker is designed and modelled with iQS4 elements in order to demonstrate the 
robustness and practicality aspects of iFEM methodology for performing an accurate shape- and 
stress-sensing operation. Isometric view of the barge cross-section and detailed dimensions of its 
structural components are included in Appendix B. 
 
 
Figure 3 View of a tank inside a typical chemical tanker (Dokkum, 2003) 
 
For simplicity, it is desirable to define only one axis system and the defined global Cartesian 
coordinate system has its origin on the still water plane aligned vertically with the ship¶V centre 
of gravity. The x-y plane is coincident with the calm water level where x-axis is along the main 
direction of the ship, the y-axis points at the port side of the ship, and z-axis is positive upwards 
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i.e. in the opposite direction of gravity. According to the defined Cartesian coordinate system, 
main particulars of the barge are listed in Table 1.  
 
Table 1 Main particulars of barge 
Particular Value Unit 
Length (over all) 100 m 
Breadth (moulded) 20 m 
Depth (moulded) 10.5 m 
Designed load draft (moulded) 8.25 m 
Block coefficient (at designed draft) 0.997 m3/m3 
Displacement at designed draft 16861.5 tonnes 
Deadweight at designed draft 14979 tonnes 
Light ship weight 1882.5 tonnes 
Vertical centre of buoyancy -4.11 m 
Vertical centre of gravity -2.424 m 
Vertical centre of deadweight -2.25 m 
Vertical centre of light ship -3.81 m 
Radius of gyration around x axis 7.458 m 
Radius of gyration around y axis 29.253 m 
Radius of gyration around z axis 29.433 m 
Radius of gyration for roll-yaw 
product of inertia 0 m 
 
It has been assumed that total number of cargo holds is eight, frame spacing between the 
transverse frames is 1.25 m, and all the structural components including plates, stiffeners, and 
bulkheads have the uniform thickness of 12 mm. All structural components of the barge are 
PDGHRIVWHHOKDYLQJHODVWLFPRGXOXVRI*3DDQG3RLVVRQ¶VUDWLRRf 0.3. In order to represent 
complexity of the structure more clearly, several isometric views of the barge structural model 
are included in Appendix B. 
In this study, the solution is obtained by combining three different tools. First, a 
hydrodynamic analysis is performed to calculate the hydrodynamic forces. By using these forces 
as a loading condition, FEM analysis of the barge is performed to calculate the numerical strain 
data to be used as an input for the iFEM analysis. Finally, iFEM analysis is performed by 
simulated strain data obtained from direct FEM analysis. 
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The design of marine structures such as ships, offshore and coastal structures is significantly 
affected by wave-body dynamics. Therefore, hydrodynamic analysis of rigid bodies that are 
freely oscillating under the free water surface is extremely important. An in-house panel method 
code, which is a frequency-domain hydrodynamic software, is utilized to predict the motions and 
wave loads of the barge. The barge is assumed to move with zero forward speed in deep water at 
DQJOH ȕ    WR UHgular sinusoidal waves which describes the waves coming from ahead, 
namely head seas condition. Six DOF motions of the barge are calculated for a wave amplitude 
of 1 m and wave frequencies starting from 0.2 rad/s to 1.5 rad/s. Full hydrodynamic model of the 
barge is discretized by using 2508 flat quadrilateral panels as shown in Figure 4. 
 
 
Figure 4 Full hydrodynamic model of the barge 
 
The discretized body, namely coordinates of nodes used to generate the panels and nodal 
connectivity of these panels, is the main input for the in-house frequency-domain hydrodynamic 
software. The software first calculates radiation and diffraction source strengths and then 
velocity potentials at the centroids of the hydrodynamic panels for requested heading and 
frequency based on three dimensional potential flow theory and ]HUR VSHHG *UHHQ¶V IXQFWLRQ 
(Wehausen and Laitone, 1960; Beck and Loken, 1989; and Papanikolaou and Schellin, 1992). 
Since the barge floats in head seas condition, the in-house panel method code takes into account 
the advantage of the lateral symmetry condition (x-z plane symmetry) and generates the source 
strength results by using only 1254 panels. By utilizing the velocity potentials of radiated and 
diffracted waves, the software solves a complex form of linear and harmonic oscillatory rigid 
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body motion equation with respect to the barge centre of gravity and generates the six DOF 
motion results of the barge. The numerical sway, roll and yaw motion amplitudes with respect to 
barge centre of gravity are negligibly small and in fact these results are theoretically zero 
because the barge is affected by head sea waves only. The motion amplitudes with respect to the 
EDUJH¶V FHQWUH RI JUDYLW\ for the remaining directions namely surge, heave, and pitch are 
illustrated in Figures 5. 
 
 
Figure 5 %DUJH¶VPRWLRQDPSOLWXGHVwith respect to wave frequencies [rad/s] 
 
The change of the motion amplitudes in surge, heave and pitch directions is significant around 
the frequency value of 0.5 rad/s in terms of structural analysis because the oscillatory dynamic 
pressure calculated at this frequency causes the highest vertical bending moment distribution 
along the length of the barge. The hydrodynamic force variation along the barge underwater 
panels due to the oscillation at 0.5 rad/s is plotted in Figure 6. 
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Figure 6 %DUJH¶VWRWDOK\GURG\QDPLFIRUFH>1@GLVWULEXWLRQIRUthe frequency value of 0.5 rad/s 
 
For a floating structure, it is important to obtain equilibrium before performing a direct FEM 
analysis because an imbalanced model causes an unrealistic result. Therefore, computed 
hydrodynamic forces and their corresponding inertia loads are applied to the direct FEM model 
of the structure in order to find a realistic global structural response of the barge. Application of 
inertia loads is done by associating the acceleration vector to each finite element while 
hydrodynamic forces are applied to the nodes of each finite element below still water. Barge 
geometry and its constraint conditions as well as loading conditions are symmetric with respect 
to both x-z and y-z plane. So, there is no need to perform direct FEM analysis of the entire 
structure. Hence, only one quarter of the barge is discretised by using 6908 nodes and 11065 
elements as shown in Figure 7.  
 
 
Figure 7 One quarter of the barge mesh 
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For the application of constraint conditions, translation along normal direction of symmetry 
plane and rotations around the symmetry plane axial directions are fixed for each symmetry 
plane. Moreover, the structural model is fixed by an artificial support along z-direction in order 
to disable the rigid body motion. After performing the FEM analysis, the reaction force 
calculated at this artificial support is checked to ensure that it doesQ¶W DIIHFW WKH actual 
equilibrium of hydrodynamic pressures and inertia loads. The loading conditions are also applied 
by considering the symmetry planes. As mentioned earlier, the resulting total deflection and 
rotation obtained from direct FEM analysis are used to produce the simulated sensor-strain data. 
 
4. Case studies for iFEM analysis 
Three different case studies of the barge are considered based on iFEM methodology by using 
different number of strain rosettes and their altered locations. An iFEM model, which is 
composed of iQS4 elements and geometrically identical to the quarter mesh model used in direct 
FEM analysis (Figure 7), is adopted in the following iFEM analysis. The strain rosettes have to 
be placed at the top and bottom surfaces of the iQS4 elements whose resulting deformations 
exhibits both stretching and bending actions due to the complexity of the barge structure. 
However, for the iQS4 elements whose mid-planes are superimposed on the x-z and y-z 
symmetry planes of the barge, the strain rosettes are only located at the top surface of these 
elements. Since the material properties are symmetric with respect to mid-planes of these iQS4 
elements and their resulting deformations are due to stretching only, the strain distributions are 
symmetric with respect to their mid-planes. 
In the first case, all the iQS4 elements used in discretization of iFEM model are assumed to be 
installed with strain sensors in order to examine the results when one-to-one mapping of the 
relevant strain data from direct FEM to iFEM analysis is made. Therefore, the total number of 
iQS4 elements that are installed with strain rosettes is 11065 from which 688 and 236 of them 
belongs to the x-z and y-z symmetry planes of the barge, respectively. As mentioned earlier, the 
strain rosettes are placed at the centroids of the top surfaces of these 924 iQS4 elements, whereas 
the strain rosettes are positioned on the centroids of both the top and bottom surfaces of the 
remaining 10141 iQS4 elements. Thus, the total number of the strain rosettes is 21206. Since the 
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barge structure is constructed with thin shells, the weighting constants associated with the 
transverse shear strains are set as 410gw
 , whereas the remaining weighting constants for 
membrane strains and bending curvatures are respectively set as 1e kw w  . The total 
displacement results found in iFEM analysis are shown together with the reference FEM results 
in Figure 8.  
 
 
Figure 8 (a) iFEM total displacement [m] distribution for one-to-one strain data. (b) Direct finite 
element total displacement [m] distribution 
 
According to the distributions, both maximum displacements are approximately 4.9 mm 
confirming that iFEM methodology can capture very promisingly expected results when all the 
structural components in one quarter of the barge are installed with strain sensors.  
Once a full field deformed shape of the barge is obtained, full field three-dimensional stress 
state of the barge body can be calculated by using displacement results. Then, three-dimensional 
stresses can be converted into an equivalent stress by utilizing an appropriate failure criterion. 
The von Mises failure criterion is the most commonly used failure criterion for metals, thus full 
field von Mises stresses on the top surfaces of the shells are calculated in iFEM analysis and 
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compared with those found in direct FEM solution. Both von Mises stress distributions are 
plotted together in Figure 9 and contours of stress colours are identically matching each other. 
Moreover, the difference between the maximum von Mises results is 2.23% proving the superior 
accuracy of iFEM algorithm. 
 
 
Figure 9 (a) iFEM von Mises stress [Pa] distribution for one-to-one strain data. (b) Direct finite 
element vonMises stress [Pa] distribution 
 
Secondly, iFEM analysis of the barge is performed when all strain rosettes used in the first 
case study are removed except the ones glued on the central deck stiffener, the central 
longitudinal bulkhead, and the central girder. This case study is done to assess the precision of 
iFEM methodology when there are missing in-situ strain measurements. After removal of the 
strain rosettes, iFEM analysis of the barge is conducted by using the strain data collected from 
688 iQS4 elements which are superimposed on the x-z symmetry plane of the barge. The strain 
rosettes are only positioned on the WRSVXUIDFHV¶FHQWURLGVRIWKHVHL46HOHPHQWV. Therefore, 
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total number of strain rosettes is 688 for this case study. The exact locations of the strain rosettes 
are clearly illustrated in Figure 10. 
 
 
Figure 10 Exact locations of the strain rosettes on x-z symmetry plane 
 
For L46 HOHPHQWV RQ ZKLFK WKH VWUDLQ GDWD LV DYDLODEOH WKH PHPEUDQH VWUDLQ¶V ZHLJKWLQJ
constants and bending curvature¶s weighting constants are both set as 1e kw w  , while their 
WUDQVYHUVHVKHDUVWUDLQ¶VZHLJKWLQJconstants are set as 410gw  . For iQS4 elements that do not 
have any sensors, namely strainless iQS4 elements, their weighting constants are set as 
410e k gw w w
   . In both iFEM and direct FEM analysis, the von Mises stresses are evaluated 
according to the top surfaces of the shells. The total displacements as well as the von Mises 
stresses obtained from iFEM analysis are respectively compared with direct FEM results as 
depicted in Figure 11-12.  
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Figure 11 (a) iFEM total displacement [m] distribution for only strain data collected from x-z 
symmetry plane. (b) Direct finite element total displacement [m] distribution. 
 
 
Figure 12 (a) iFEM von Mises stress [Pa] distribution for only strain data collected from x-z 
symmetry plane. (b) Direct finite element vonMises stress [Pa] distribution 
22 
 
The iFEM-reconstructed displacement and von Mises stress fields fairly agree with the reference 
displacement and von Mises stress results. The error between the maximum displacements is 
1.41%, whereas the error is 3.74% for von Mises stress comparison. Hence, this accuracy 
confirms the robustness of iFEM framework even if there are missing in-situ strain 
measurements. 
Although the results obtained in the first two case studies are completely satisfactory, the 
proposed number of strain rosettes may be high for a practical application. Therefore, in the third 
case study, the iFEM analysis of the barge is performed based on the same mesh, but only using 
the strain data obtained from strain rosettes located at the central deck stiffener, the central girder 
and several critical locations on the central longitudinal bulkhead including the neutral axis of 
the barge, the edge near to deck, and the edges near to the transverse bulkhead. This case study 
not only assesses the practical applicability, but also examines the precision of iFEM formulation 
according to the effect of sensor locations and number of sensors on solution accuracy. After 
eliminating majority of the strain sensors, the strain data collected from 196 iQS4 elements are 
used to perform shape- and stress-sensing of the barge. Similar to the second case study, each of 
these 196 iQS4 elements are installed with only one strain sensor on the centroid of the top 
surface because these inverse elements belong to x-z symmetry plane. Therefore, the total 
number of stain rosettes is decreased to 196 and the exact locations of these sensors are clearly 
presented in Figure 13.  
 
 
Figure 13 Exact locations of the strain rosettes on the central deck stiffener, the central girder, 
and the central longitudinal bulkhead  
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As in the second case study, the weighting coefficients are set to 410e k gw w w
   
 for each 
strainless iQS4 elements, whereas they are set to 1e kw w   and 410gw   for each iQS4 
element on which the strain sensors are located. The total displacements distributions obtained 
from iFEM analysis are consistent with direct FEM results as represented in Figure 14.  
 
 
Figure 14 (a) iFEM total displacement [m] distribution for strain data collected from the central 
deck stiffener, the central girder, and the central longitudinal bulkhead. (b) Direct finite element 
total displacement [m] distribution. 
 
The error of the maximum displacement produced by the iFEM solution is 12.85% with respect 
to the FEM maximum displacement. Following to the displacement calculation, the von Mises 
stresses are computed according to the top surfaces of the shells in both iFEM and direct FEM 
analysis. Although a large amount of strain-sensor data is not available for this case study, 
similar to the displacement comparison, von Mises stress distributions are quite coherent when 
they are compared as shown in Figure 15. 
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Figure 15 (a) iFEM von Mises stress [Pa] distribution for strain data collected from the central 
deck stiffener, the central girder, and the central longitudinal bulkhead. (b) Direct finite element 
vonMises stress [Pa] distribution 
 
The error between the maximum iFEM-reconstructed and direct FEM von Mises stresses is 
15.56%. These numerical results have verified that it is still possible to reconstruct sufficiently 
accurate deformations and von Mises stresses, even if a large amount of strain-sensor data is not 
available. Consequently, it can be indicated that the iFEM-reconstructed displacement and von 
Mises stress results are quite precise in terms of practical engineering application. According to 
results of three case studies, it can be concluded that iFEM methodology is a promising 
technology for accomplishing accurate displacement and stress monitoring of marine structures. 
 
5. Concluding remarks 
Displacement and stress monitoring of a chemical tanker mid-ship section by using iFEM 
methodology is accomplished in this work. The presented iFEM formulation is based upon the 
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minimization of weighted-least-squares functional and requires discrete strain data obtained from 
on-board sensors in order to reconstruct the displacement, strain, and stress fields. In-house 
hydrodynamic and finite element software are utilized for simulating the on-board strain-sensor 
data in order to represent a floating structure in real sea environment. First, hydrodynamic loads 
are obtained and used for the loading condition of a direct FEM analysis of the chemical tanker 
mid-ship section. Once simulated strain data is obtained from direct FEM analysis, iFEM 
analysis of three different cases including different number of strain sensors for the same model 
are examined. The comparisons of the results obtained from both iFEM and direct FEM analyses 
demonstrate that displacement and stress monitoring of the chemical tanker can be accurately 
performed based on iFEM methodology. Moreover, the numerical results confirmed that 
relatively accurate deformed shapes and von Mises stresses can still be reconstructed by 
exploiting the weighting constants in the least-squares functional of iFEM, even though a large 
amount of in-situ strain data is absent or only a relatively sparse strain data is collected. 
Furthermore, it has been observed that using the strain data obtained from strain rosettes located 
at the central deck stiffener, the central longitudinal bulkhead, and the central girder can be 
sufficient to reconstruct a precise global deformed shape and von Mises stresses caused by 
vertical bending moment and shear force due to oscillatory motions. Consequently, it can be 
indicated that the central deck stiffener, the central longitudinal bulkhead, and the central girder 
are the optimum locations for placing on-board sensors for a longitudinally framed structure. As 
a result, it can be concluded that iFEM algorithm is very promising system for performing a 
precise shape- and stress-sensing of marine structures. 
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Appendix A 
The derivatives of shape functions mB , kB , sB  which are given in Eqs. (1a-b) are defined as 
 
1 2 3 4
m m m m mª º ¬ ¼B B B B B
 (A.1) 
1 2 3 4
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1 2 3 4
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with the shape functions are given as  
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2
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(1 )(1 )
16
s tN    (A.11) 
2
8
(1 )(1 )
16
s tN    (A.12) 
and 
1 14 8 21 5L y N y N   (A.13) 
2 21 5 32 6L y N y N   (A.14) 
3 32 6 43 7L y N y N   (A.15) 
4 43 7 14 8L y N y N   (A.16) 
1 41 8 12 5M x N x N   (A.17) 
2 12 5 23 6M x N x N   (A.18) 
3 23 6 34 7M x N x N   (A.19) 
4 34 7 41 8M x N x N   (A.20) 
Note that ijx and ijy can be expressed in terms of local coordinates of iQS4 element as 
( 1,2,3,4; 1,2,3,4)ij i j
ij i j
x x x
i j
y y y
  ½°   ¾  °¿
 (A.21) 
and the parent space coordinates are defined as > @, 1, 1s t   . 
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Appendix B 
Cross-section of the presented barge model is similar to a typical chemical tanker cross-section. 
Detailed dimensions of structural components in the EDUJH PRGHO¶V FURVV-section and its 
isometric view is presented in Figure B1-B2, respectively.  
 
 
Figure B1 Detailed dimensions [mm] of structural components in half cross-section of the barge 
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Figure B2 Isometric view of barge cross-section 
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Appendix C 
Several isometric views of the barge structural model are illustrated in Figures C1-C3 in order to 
show its structural topology. Cargo tanks in the full barge model can be seen in Figure C1. 
Structural details of the quarter barge model is shown in Figure C2. A detailed view of double 
side and double bottom framing is presented in Figure C3. 
 
 
Figure C1 Isometric view of cargo tanks  
 
 
Figure C2 Structural details in the quarter barge model 
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Figure C3 Double side and double bottom framing details 
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